Variation in phenotypic properties was examined in three strains of closely related fasciculate species of Penicillium using 1 14 morphological, physiological, and biochemical characters. Thirty-six of these characters showed variation within single-conidium isolates of the same strain. Conidial sizes and nuclear DNA contents were compared using flow microfluorimetry ; these results suggested that significant differences in conidial DNA content are associated with phenotypic variation. The taxonomic significance of the results is discussed.
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Variation in phenotypic properties was examined in three strains of closely related fasciculate species of Penicillium using 1 14 morphological, physiological, and biochemical characters. Thirty-six of these characters showed variation within single-conidium isolates of the same strain. Conidial sizes and nuclear DNA contents were compared using flow microfluorimetry ; these results suggested that significant differences in conidial DNA content are associated with phenotypic variation. The taxonomic significance of the results is discussed.
I N T R O D U C T I O N
Variability in properties and the spontaneous occurrence of variant lines within single strains has been reported in many genera of filamentous fungi, including Penicillium (e.g. Hooker, 1957; Scharen & Krupinsky, 1970; Bridge et al., 1986~) . This variability may have considerable significance both in the selection and maintenance of strains of industrial importance and in the construction and use of taxonomic schemes. The taxonomic situation within Penicillium has been reviewed several times in recent years, with a variety of properties being employed (see Onions et al., 1984; Samson & Gams, 1984) . The majority of these studies have reported significant variability within species, with some strains appearing to intergrade between 'species'.
We have shown that significant variation in both morphological and biochemical features may give rise to distinct lines within the ex-type strain of P. viridicatum (Bridge et al., 1986~) . These studies showed differences in morphology and secondary metabolite production, and flow-cytometric results suggested that there may be a correlation between variants and ploidy levels within that strain (Bridge et al., 19866) . The effects of ploidy levels on particular properties have been studied for a number of fungal genera, and heteroploidy has been proposed as a mechanism of variation (Pathak & Elander, 1971 ; Kafer & Upshall, 1973; Tolmsoff, 1983) . However, it is not clear how widespread this phenomenon is or to what extent this process may operate in nature.
In order to construct reliable taxonomic schemes, it is important that the occurrence and degree of variability is investigated. Variation must be considered not only between strains of individual taxa but also within single strains. This paper describes the variations in phenotype and DNA content in five single-conidium isolates of each of three closely related penicillia. 
METHODS
Isolates studied. Five separate single-conidium cultures were obtained from each of Penicillium granulatum (IMI 296059), designated A-E, and P. martensii (IMI 297891), designated F-J. Four separate single-conidium cultures were obtained from P. crustosum (IMI 291543) and one of these was duplicated and maintained separately; these were designated K-0, with N being a duplicate of M. Cultures were maintained on slopes of Czapek agar (Cz; Smith & Onions, 1983) .
Strain characterization. The 15 lines from the single-conidium cultures were characterized using the features described by Bridge et al. (1986a) (listed in Tables 1 and 2) . Tests were done in duplicate (except for TLC of strains A, L and N, which was done in triplicate) at the same time using media and reagents from the same batches.
Morphological properties. Morphological features, including cultural characteristics, were observed for all isolates after 7 d incubation in the dark at 25 "C on Cz agar plates. These features were scored as 53 individual characters using the scheme given by Bridge et al. (1986a) and the terminology of Minter et al. (1986) .
Ultrastructuralproperries. Ultrastructural features of conidia were observed using an S250 Cambridge Scientific Instruments scanning electron microscope. Samples were prepared by rubbing an aluminium stub (Agar Aids) across a 30 d colony. This was gold-coated (Emscope sputter-coater) and examined at an accelerating voltage of 20 kV.
Physiological and biochemicalproperties. Enzyme production, growth under different conditions, and growth and final pH on carbon and nitrogen sources were tested using the methods of Bridge (1985) and Bridge et al. (1986a) . The production of yellow colonies was tested on Cz agar with the sodium nitrate replaced by ammonium oxalate (CzNH,) using the method of Bridge et al. (1986~) . This medium apparently stimulates the production of yellow pigment in some penicillia. Growth on media of reduced water activity was tested by measuring colony diameters on G25N agar (Pitt, 1980) . Growth and final pH on creatine was tested using both liquid media (Bridge, 1985) and creatine/sucrose agar (Frisvad, 1981) . Similarly, growth with sodium nitrite as sole nitrogen source was tested in liquid media at pH 4.5 (Bridge, 1985) and on nitrite/sucrose agar at pH 7 (Frisvad, 1981) . Inhibition of growth by copper sulphate, crystal violet and malachite green was measured as the diameter of inhibition zones in a Cz plate seeded with fungal spores (1 ml of a 2 x lo6 spore suspension in 10 ml Cz agar). Separate filter paper discs each impregnated with inhibitor (5, 0.05 and 0.04%, w/v, respectively) were aseptically placed on each plate after seeding. Diameters were measured after 7 d incubation at 25 "C.
Secondary metabolite production. This was tested using the agar plugs and TLC techniques employed by Paterson (1 986).
Stability. The stability of the single-conidium lines was estimated using line A of P. granulatum. This culture produced single-conidium lines that differed in gross colony morphology, so that differences could be easily visualized. Aged (21 d) cultures of line A were used to prepare conidial suspensions in aqueous 0.2% (v/v) Tween 80 (lo6 conidia ml-I). Samples (0.1 ml) from each serial 19-fold dilution of this suspension were spread onto Cz plates and incubated at 25 "C for 7 d.
Conidial nuclear DNA content. This was estimated by continuous flow microfluorimetry with conidial suspensions. Conidia were fixed in Carnoy's fluid and stained by the Feulgen/acriflavine technique described by Bridge er al. (19866) . Conidial sizes and DNA contents were then estimated for loo00 conidia in each sample with an EPICS V flow cytometer (Coulter Instruments) using a laser setting of 300 mW at 488 nm. Conidial sizes were compared by measuring forward angle light scatter (FALS) alone, 90" light scatter giving no added information. DNA contents were compared using emitted fluorescence and measuring log integral green fluorescent light (LIGFL) detected using 515 nm long pass interference and absorbance filters. DNA measurements were made using 'gated' populations, where only particles within the size range of the conidia were recorded (Bridge et al., 1986 b) .
Numericalmethods. The dendrogram ( Fig. 1) was produced using the NUMIPAC computer package (Bridge & May, 1984) adapted to run on an Amstrad PCW8512 microcomputer. Similarities were expressed using the taxonomic distance coefficient (0,) and clustered using UPGMA average linkage (Sneath & Sokal, 1973) .
RESULTS
The results from the phenotypic characterization that showed significant differences between isolates of the same strain are given in Table 1 . All measurements are given as means in mm; all of these showed confidence limits of within & 2.5 mm. Characters that did not vary significantly between isolates of the same strain are given in Table 2 . A dendrogram was constructed from the results given in Table 1 and those characters in Table 2 that gave differential results for the three parental isolates. This dendrogram, based on 44 characters, is shown in Fig. 1 . The different lines of P. martensii (F-J) and P. crustosum (K-0) were recovered in two distinct clusters corresponding with those parental strains. The duplicated lines (M and N) appeared adjacent to 15 15 9 10 9 9 8 5 8 5 12 11 12 11 10 1 1 1 2 1 2 1 0 5 9 7 9 6 1 1 8 7 1 2 7 9 + + + + + + + + + + + + + w + + + --+ + + + + + + --+ + -
Carbon source
Base from citric acid --+ w + + w + + + + + + + w Nitrogen source Growth on sodium nitrite (pH 4.5, liquid medium) w --w w w w w + + -w w w -Growth on sodium nitrite (pH 7, agar medium) 
Metabolites detected by TLC
Examples of the three types of conidia are shown in Fig. 2(a-c) . Examples of the variation in conidial shape and ornamentation as seen by electron microscopy are given in Fig. 2(a-c) . Conidial sizes varied both between and within singleconidium isolates. In general, conidia of topography type 1 were small (length approx. 2-2.5 pm) * A further 83 named or characterized secondary metabolites visualized by the methods used were not found in any of these isolates. and conidia of topography type 3 were large (length approx. 4-5 pm), with topography type 2 conidia being of intermediate size (length 3-4 pm). However, these classes were not absolute, since limited numbers of large conidia were apparent in the type 1 populations and limited numbers of small conidia in the type 3 populations (Fig. 2 d ) .
The assessment of stability for the single-conidium line A showed results ranging from 1 to 10% for the frequency of Occurrence of yellow-pigment-deficient colonies (Fig. 3) . Repeated single-conidium isolation from the parental P . granulatum culture gave results broadly in agreement with those reported above. This process did however produce a further set of six single-conidium lines that showed wide variation in colony size (respective colony diameters 8, 8, 13, 21, 24 and 28 mm after 21 d).
Flow cytometric comparison of conidial sizes gave results broadly in agreement with the SEM studies, with the exception of lines E, M and N . FALS showed that the mean sizes within the different single-conidium lines varied approximately with the parent culture, with lines A-D from P. granulatum (SEM type 1) showing the smallest conidia and lines from P . martensii (SEM  type 3 ) showing the largest. However, the overall size range for each line varied and there was some overlap between different lines (Fig. 4) .
Measurements of conidial DNA content showed two peaks, the first containing the majority of the population (55-88%) , and the second appearing at approximately double the DNA content of the first (Fig. 5) . The DNA contents corresponded with the conidial sizes: the least DNA was seen in the predominantly small conidium populations of P . granulatum, the intermediate-sized conidium populations of P. crustosum contained slightly more DNA, and the predominantly large conidium populations of P. martensii contained twice as much DNA as P . crustosum (see Fig. 6 ). This correspondence was, however, again only approximate and there 1002 P. D . BRIDGE AND OTHERS was some variation between lines of the same culture. Lines C and E from P . granulatum showed higher DNA contents for both peaks than the other lines of this culture. These increases were less than the combined standard deviations for the peaks, but as they also corresponded with an upward shift in the range and were reproducible, they are probably significant.
DISCUSSION
In any study on strain characterization there will be at least two types of variations, those arising from the reproducibility of the test methods and those arising from variation within the population. In this investigation, variations in test methods were studied by duplicating one line, and treating the two lines separately. This showed that there was variation associated with some test methods. Conidial colours, production of straw-coloured exudate, and the presence of swollen supporting hyphae all showed significant differences between the duplicated lines. This type of difference may be attributable to subjective recording. In this study variation in test methods was minimized by doing all tests at least in duplicate at the same time and using media and reagents from the same batch.
The results show that significant differences can occur in phenotypic characterization due to variation within the population, and that the extent of this variation may differ widely between different isolates. This type of variation has been widely reported in fungi (e.g. Scharen & Krupinsky, 1970) and it was suggested by Bridge et al. (19866) that in one strain of P . viridicatum this may be due to some form of chromosome duplication, such as aneuploidy. In this study the five single-spore lines of P . granulatum showed the greatest variation, clustering as two pairs and one loose isolate. Two of these five lines (C and E) had higher conidial DNA contents than the other three, and one of these (E) is the loosely linked isolate. This loosely linked isolate also showed larger conidia than the other lines from P . granulatum. There are a number of similarities between this case and that of P . uiridicatum. In both cases the obvious morphological differences were colony size and pigment production, in both cases the larger unpigmented colony had more echinulate conidia, and in both cases the two lines were interconvertible at low frequencies. The upward shift in DNA content is seen for both of the peaks, indicating that it is associated with replicating nuclear DNA; it is therefore unlikely to involve mitochondria1 DNA. However, the stability of the lines appears to be greater than that normally expected for aneuploidy, a possible explanation being a transposition following partial chromosome duplication (O'Donnell et al., 1985) , and this could also account for the increase in conidial size in line E. One significant difference in the isolates used for this study, however, is the age of the cultures. The isolate of P . viridicatum (Bridge et al., 19866, c ) used had been maintained in a culture collection for at least 30 years. In this study the original isolate of P . granulatum was received in 1985 and has to our knowledge only been subcultured five or six times at most.
The large conidia of the lines of P . martensii contained approximately twice as much DNA as those of the other isolates. This appears to be a considerable difference for isolates as apparently closely related as fasciculate penicillia. One possible explanation is that these isolates are relatively stable diploids, and this would agree with the general theory that chromosomal duplications are involved in phenotypic variation. Naturally occurring diploid isolates of some fungi, such as Aspergillus, have been reported, but the relative occurrence and importance of this teature is unclear (Upshall, 1981) . Maintenance records at CMI report that this strain has a tendency to produce sectors in culture, but none were seen in this study.
The apparent discrepancies between the SEM and flow-cytometer results for the conidial sizes may be due to the relative sample sizes. The SEM examinations are based on approximately 50 conidia, while the flow-cytometer observations are from 10000 conidia, and so may be more representative. This does however highlight the problem of basing descriptions on a relatively small sample of a large population.
Characters found to vary in this study are, in some cases, the final expression of relatively large pathways. For example Bu'Lock (1980) has estimated that approximately 100 genes may be involved in the production of a single secondary metabolite. These pathways contain a number of control and regulation genes and so a relatively small alteration of the genome could Variation in Penicillium 1003 significantly alter the secondary metabolite production. Interestingly, the secondary metabolites which showed variation between single-conidium lines (Table 1) are derived via different metabolic routes. Brefeldin A is a cyclopentane derived from oxidative cyclizations of unsaturated fatty acids, 1 1 -deacetoxywortmannin is a terpenoid derived by metabolism of sterol, roquefortine B is an ergot alkaloid derived from a single amino acid, whereas roquefortine C is derived from mevalonate, tryptophan and histidine. The apparent variation in secondary metabolite formation seen in this study may be due to the levels of metabolite produced, lower levels being below the sensitivity of the TLC system. Wide variation in metabolite levels has been reported in single-conidium isolates of Aspergillus (Schroeder, 1969) . Equally, a similar situation may be present in many of the other varying characters, such as enzyme or pigment production. The object of this study was to provide information on characters that may vary within an isolate, as part of an integrated approach to Penicillium systematics (Bridge et al., 1986~) . The second isolation of single conidia from P. granulatum suggested however that variation may be greater than reported here, as the widespread differences in colony diameter seen in the second isolation were unlike those seen in the first isolation.
The taxonomic significance of the variation reported here is considerable. Currently, Penicillium taxonomy depends primarily on morphological features such as colony size, colony and conidial colour, and conidial head structure (Samson et al., 1976; Pitt, 1980) . Further subdivision on the basis of some physiological characters and secondary metabolite production has also been proposed (Ciegler et al., 1973; Frisvad, 1981) . These are all now seen to be characters that may vary significantly within an isolate, and so may not necessarily be sound criteria for species delineation if treated in isolation. A further taxonomic consideration must be whether stock reference strains give an accurate representation of the wild-type populations. Variation, very similar to that described here, has been seen in wild-type isolates received at CMI. If significant variation occurs within the wild-type population (as the results for P . grunulaturn suggest), then selection may lead to the establishment of populations differing from earlier reference cultures. The appearance of spontaneous mutants in yeast populations has caused some problems with accurate speciation (Stahl & Esser, 1979) and it is apparent that similar considerations must be made for filamentous fungi.
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